
MOLECULAR MEDICINE REPORTS  24:  843,  2021

Abstract. Long non‑coding RNAs (lncRNAs) are involved 
in the pathogenesis of prostate cancer (PCa) as competitive 
endogenous RNA. The present study aimed to investigate 
the molecular mech  anisms of lncRNA small nucleolar RNA 
host gene 16 (SNHG16) in the proliferation and metastasis of 
PCa cells. Cancer tissues and adjacent normal tissues were 
collected from 80 patients with PCa who did not receive any 
treatment. Reverse transcription‑quantitative PCR analysis 
was performed to detect the expression levels of SNHG16, 
hsa‑microRNA (miRNA/miR)‑373‑3p and transforming 
growth factor‑β receptor type 2 (TGF‑β‑R2), and Spearman's 
correlation coefficient analysis was performed to assess the 
correlations between these molecules. Furthermore, the effects 
of SNHG16 knockdown and overexpression on the biological 
functions of DU‑145 PCa cells and TGF‑β‑R2/SMAD 
signaling were analyzed. The dual‑luciferase reporter assay 
was performed to assess the associations between SNHG16 
and miR‑373‑3p, and TGF‑β‑R2 and miR‑373‑3p, the effects 
of which were verified via rescue experiments. The results 
demonstrated that the expression levels of SNHG16 and 
TGF‑β‑R2 were significantly upregulated in PCa tissues, 
whereas miR‑373‑3p expression was significantly down‑
regulated (P<0.001). In addition, negative correlations were 
observed between SNHG16 and miR‑373‑3p (rho, ‑0.631) and 
miR‑373‑3p and TGF‑β‑R2 (rho, ‑0.516). Overexpression of 
SNHG16 significantly promoted the proliferation, migration 
and invasion of PCa cells (P<0.05), and significantly increased 
the protein expression levels of TGF‑β‑R2, phosphorylated 

(p)‑SMAD2, p‑SMAD3, c‑Myc and E2F4 (P<0.001). 
Notably, the results revealed that miR‑373‑3p is a target of 
SNHG16, and miR‑373‑3p knockdown rescued short hairpin 
(sh)‑SNHG16‑suppressed cellular functions by promoting 
TGF‑β‑R2/SMAD signaling. The results also revealed that 
miR‑373‑3p targets TGF‑β‑R2. Notably, transfection with 
miR‑373‑3p inhibitor rescued sh‑TGF‑β‑R2‑suppressed 
cell proliferation and migration. Taken together, the results 
of the present study suggest that SNHG16 promotes the 
proliferation and migration of PCa cells by targeting the 
miR‑373‑3p/TGF‑β‑R2/SMAD axis.

Introduction

Incident cases of prostate cancer (PCa) have increased by 
3.7‑fold from 1990 to 2015, and the numbers continue to 
increase with an increase in screening popularity and life 
expectancy (1). PCa is the one of leading cause of cancer‑asso‑
ciated mortality in men (2). In 2017, the number of newly 
diagnosed cases of PCa was 161,360, which was the first 
among the newly diagnosed cancer cases in men, accounting 
for 19% cancer cases, and the cases of death were 26,730, 
which was the third‑leading cause of cancer‑related mortality 
in men, accounting for 8% (3). By 2020, the new diagnoses of 
PCa increase to 191,930 cases, and the number of deaths was 
33,330, becoming the second‑leading cause of cancer‑related 
mortality in men and aggravating the global burden of PCa (4). 
The development of disease severity increases genome changes 
and molecular complexity, thereby affecting PCa development 
and precision therapy (5). It is important to understand the 
carcinogenic effects and underlying mechanisms associated 
with PCa for accurate detection and to provide intervention 
approaches.

The role of non‑coding RNA in the occurrence, progres‑
sion and treatment of PCa has previously been reported (6). 
Long non‑coding RNAs (lncRNAs) and microRNAs 
(miRNAs/miRs) are essential participants in the field of 
non‑coding RNAs, and they have received great interest due to 
their abundance, specific expression, functional role in diseases 
and potential clinical applications (7). lncRNAs are >200 bases 
in length and transcribed from the genomic intergenic regions, 

Long non ‑coding RNA SNHG16 functions as a tumor 
activator by sponging miR‑373‑3p to regulate the 

TGF‑β‑R2/SMAD pathway in prostate cancer
WUBIN WENG1,  CHANGMING LIU1,  GUOMIN LI1,  QIONGFANG RUAN2, 

HUIZHANG LI1,  NINGFENG LIN1  and  GUANGBING CHEN1

1Department of Urology, Mindong Hospital Affiliated to Fujian Medical University; 2Department of Respiratory Medicine,  
Mindong Hospital Affiliated to Fujian Medical University, Fuan, Fujian 355000, P.R. China

Received April 29, 2021;  Accepted September 14, 2021

DOI: 10.3892/mmr.2021.12483

Correspondence to: Professor Changming Liu, Department of 
Urology, Mindong Hospital Affiliated to Fujian Medical University, 
89 Heshan Street, Fuan, Fujian 355000, P.R. China
E‑mail: mdyylcm@163.com

Key words: prostate cancer, long non‑coding RNA small nucleolar 
RNA host gene 16, hsa‑microRNA‑373‑3p, transforming growth 
factor‑β receptor type 2/SMAD pathway, DU‑145 cells



WENG et al:  lncRNA SNHG16 TARGETS miR‑373‑3p TO PROMOTE PROSTATE CANCER2

which regulate the expression of genes at epigenetic, tran‑
scriptional and post‑transcriptional levels (8). For example, 
LINC00844 inhibits the progression and metastasis of PCa, 
whereas HOXD‑AS1 and PCA3 promote tumor growth, 
castration resistance and chemoresistance (9‑11). lncRNAs act 
as competitive endogenous RNA (ceRNA) to regulate miRNA 
expression (12,13). miRNAs are a type of small non‑coding 
RNA, 17‑22 nucleotides in length. Mature miRNAs suppress 
gene expression by recognizing the complementary target site 
in the 3'‑untranslated region (UTR) of the target mRNA (14). 
miRNAs can also act as activators or inhibitors of cancer (15). 
According to reports, 19,075 lncRNA‑miRNA‑mRNA regula‑
tory networks have been screened, and may be involved in the 
pathogenesis of PCa (16).

lncRNA small nucleolar RNA host gene 16 (SNHG16) 
is a novel oncogene identified in different types of cancer, 
such as colorectal cancer, hepatocellular carcinoma and 
glioma (17‑20). A previous study has reported that SNHG16, 
which is upregulated in patients with PCa, can promote 
the expression of glucose transporter 1 and induce glucose 
uptake and cell proliferation (21). SNHG16 regulates glucose 
metabolism and participates in tumor lipid metabolism via 
ceRNA (17). Glucose and lipid metabolism are the major 
metabolic pathways of tumor cells (22). SNHG16 carcino‑
genic signal may be one of the ways for tumor cells to obtain 
energy (17,21,23). SNHG16 also acts as a ceRNA to drive 
vascular endothelial cell proliferation, migration, invasion 
and vasoformation by the modulating miR‑520d‑3p/STAT3 
axis (24). Angiogenesis plays a key role in promoting 
tumor growth and metastasis (25). SNHG16 also promotes 
tumor proliferation and metastasis by directly targeting the 
miR‑216A‑5p/ZEB1 and miR‑17‑5p/p62 axes (18,19). SNHG16 
is considered a central regulator in diverse biological processes 
controlling tumorigenesis, including promoting metabolic 
energy, growth, metastasis and chemoresistance (23). A 
recent study confirmed that SNHG16 is highly expressed in 
glioma, and regulates epidermal growth factor receptor by 
sponging miR‑373‑3p via the PI3K/AKT pathway to exert its 
carcinogenic function (20). In addition, miR‑373‑3p expres‑
sion is downregulated by testicular nuclear receptor 4, which 
increases PCa cell invasion (26); thus, miR‑373 may be a ther‑
apeutic target for PCa (27). In choriocarcinoma, upregulated 
miR‑373‑3p expression partly accounts for the downregulation 
of transforming growth factor‑β receptor type 2 (TGF‑β‑R2), 
which suppresses epithelial‑to‑mesenchymal transition 
(EMT) and migration (28). Dysregulation of miR‑373 has 
been reported in different types of cancer, and it is involved 
in nearly all cellular processes, acting as an oncogene or a 
tumor suppressor (29). For example, miR‑373‑3p is signifi‑
cantly upregulated in tongue squamous cell carcinoma tissues, 
and by directly targeting DKK1, it constitutively activates 
Wnt/β‑catenin signaling, thereby promoting EMT‑induced 
tumor metastasis (30). However, miR‑373 is downregulated in 
lung cancer and acts as a tumor suppressor to attenuate cell 
proliferation, migration, invasion and mesenchymal pheno‑
type by targeting interleukin 1 receptor associated kinase 2 
and lysosomal associated membrane protein 1 (31).

TGF‑β‑R2 is a potential PCa suppressor (32). Deletion 
of TGF‑β‑R2 may increase the stemness capacity of PCa 
cells and cause rapid tumor development (33). The aberrant 

expression levels of lncRNAs and miRNAs, which contribute 
to cell proliferation, metastasis and drug resistance in PCa, are 
potential biomarkers and therapeutic targets (34). However, 
the role of the SNHG16/miR‑373‑3p signal axis in regulating 
the proliferation and metastasis of PCa cells remains unclear. 
Thus, the present study aimed to investigate the function of the 
SNHG16/miR‑373‑3p axis in the progression of PCa.

Materials and methods

Clinical tissue collection. A total of 80 patients with PCa at 
the Mindong Hospital Affiliated to Fujian Medical University 
were enrolled in the present study between February 2019 and 
January 2020. PCa tumor tissues and paired adjacent normal 
tissues (2 cm away from the lesion) were collected by resec‑
tion. All patients, without history of preoperative radiotherapy 
or chemotherapy, were confirmed to have PCa via analysis 
from three pathologists. The inclusion criteria were: i) Patients 
underwent surgical treatment; ii) pathologically diagnosed as 
PCa; and iii) no radiotherapy, chemotherapy and immuno‑
therapy before surgery. Exclusion criteria were: i) Combined 
with other malignant tumors; ii) received radiotherapy and 
chemotherapy; iii) history of prostate surgery; and iv) blood 
system diseases. All specimens were immediately stored in 
liquid nitrogen at ‑80˚C until subsequent experimentation. The 
pathological type for all patients was adenocarcinoma. The 
clinicopathological characteristics of all patients, including 
age, tumor‑node‑metastasis (TNM) stage, International 
Society of Urological Pathology (ISUP) grade and serum 
prostate‑specific antigen (sPSA) were recorded and analyzed 
to assess the associations between the in vitro findings and 
clinical presentations (35). The present study was approved 
by the Ethics Committee of Mindong Hospital Affiliated to 
Fujian Medical University [batch no. (2019) NingMin Medical 
Ethics approval no. (0110‑1)], and performed in accordance 
with the Declaration of Helsinki. Written informed consent 
was provided by all patients prior to the study start.

Cell culture. The human PCa cell lines, DU‑145 (HTB‑81), PC‑3 
(CRL‑1435), 22Rv‑1 (CRL‑2505) and LNCaP (CRL‑1740), and 
the normal prostate epithelial cell line, RWPE1 (CRL‑11609) 
were purchased from the American Type Culture Collection. 
DU‑145, 22Rv‑1 and LNCaP cells were maintained in 
RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc.). 
PC‑3 cells were cultured in F‑12K medium (American Type 
Culture Collection). PCa cells were maintained in RPMI‑1640 
or F‑12K medium supplemented with 10% fetal bovine serum 
(PAN Biotech Ltd.), 4 mM L‑glutamine (MedChemExpress), 
100 U/ml penicillin (MedChemExpress) and 100 µg/ml 
streptomycin (MedChemExpress). RWPE1 cells were cultured 
in keratinocyte serum‑free medium (Gibco; Thermo Fisher 
Scientific, Inc.), and the medium included 0.05 mg/ml extrac‑
tive from bovine pituitary and 5 ng/ml human recombinant 
epidermal growth factor. All cells were incubated at 37˚C in a 
humidified atmosphere of 5% CO2.

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA was 
extracted from PCa tissues and cells using NucleoZOL® (Gene 
Co., Ltd.; https://www.genetech.com.cn/). Total RNA (10 µg) 
was reverse transcribed into cDNA using the RT System kit 
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(Takara Bio, Inc.) and PCR instrument (Heal Force; http://www.
healforce.com/cn/). The reaction conditions were as follows: 
25˚C for 5 min, 42˚C for 60 min and 75˚C for 15 min. The primer 
sequences used for qPCR were designed and synthesized by 
Shanghai GenePharma Co., Ltd. The primer sequences were 
resuspended in 250 µl RNase‑free water to a final concentration 
of 10 µM. qPCR reaction was subsequently performed using 
12.5 µl SYBR‑Green qPCR Master Mix (Takara Bio, Inc.), 1 µl 
upstream and downstream primers, 2 µl RT product and 8.5 µl 
RNase free water. The following thermocycling conditions were 
used: 40 PCR amplification cycles were performed with initial 
incubation at 95˚C for 10 min and final extension at 72˚C for 
5 min. Each cycle comprised denaturation at 95˚C for 10 sec, 
annealing at 60˚C for 30 sec and extension at 72˚C for 30 sec. 
The following primer sequences were used for qPCR: SNHG16 
forward, 5'‑GTGCCTCAGGAAGTCTTGCC‑3' and reverse, 
5'‑ATCCAAACAAGTTATCAGCAGCAGCAC‑3'; TGF‑β‑R2 
forward, 5'‑GTAGCTCTGATGAGTGCAATGAC‑3' and 
reverse, 5'‑CAGATATGGCAACTCCCAGTG‑3'; miR‑373‑3p 
forward, 5'‑GCGGAAGTGCTTCGATTTTG‑3' and reverse, 
5'‑AGTGCAGGGTCCGAGGTATT‑3'; RT primer, 5'‑GTC 
GTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATA 
CGACACACCC‑3'; GAPDH forward, 5'‑CACCCACTCCTCC 
ACCTTTGA‑3' and reverse, 5'‑TCTCTCTTCCTCTTGTGC 
TCTTGC‑3'; U6 forward, 5'‑CTCGCTTCGGCAGCACATATA 
CT‑3' and reverse, 5'‑ACGCTTCACGAATTTGCGTGTC‑3'; 
and RT primer, 5'‑AAAATATGGAACGCTTCACGAAT 
TTG‑3'. Relative expression levels were calculated using the 
2‑ΔΔCq method (36). SNHG16 and TGF‑β‑R2 were normalized to 
the internal reference gene GAPDH, while miR‑373‑3p expres‑
sion was normalized to U6.

Cell transfection. Prior to transfection, DU‑145 cells were 
seeded into 24‑well plates at a density of 1x105 cells/well. 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) was used for cell transfection. For SNHG16 gene knock‑
down experiments, short hairpin (sh)RNA was amplified using 
the following primer sequences: shRNA‑SNHG16, 5'‑GATCCG 
GATGAGACTTAACTTAAATTCAAGAGATTTAAGTTAA 
GTCTCATCCTTTTTG‑3', and shRNA‑negative control (NC), 
5'‑GATCCGTGTAGATGCGTTGTGATATTCAAGAGATAT 
CACAACGCATCTACACTTTTTG‑3' (Thermo Fisher 
Scientific, Inc.). The product was subsequently digested using 
BamhI and EcoRI restriction enzymes (Fermentas; Thermo 
Fisher Scientific, Inc.), and the fragment was inserted into the 
BamhI/EcoRI sites of the pLVX‑shRNA2‑Puro vector (Zolgene 
Biotechnology Co., Ltd., http://www.zolgene.com/). For 
SNHG16 overexpression, cells were transfected with SNHG16 
overexpression construct (pcDNA3.1‑SNHG16) (Zolgene 
Biotechnology Co., Ltd.), and the NC was a pcDNA3.1 vector 
(Invitrogen; Thermo Fisher Scientific, Inc.). Specifically, the full 
length of SNHG16 was obtained via PCR amplification using 
the following primer sequences: SNHG16 forward, 5'‑CGGGAT 
CCCGGCGTTCTTTTCGAGGTCGGCCG‑3' and reverse, 
5'‑CCCTCGAGGGTGACGGTAGTTTCCCAAGTTTA‑3'. The 
amplified product was subsequently digested using BamhI and 
XhoI restriction enzymes, and the fragment was inserted into 
the BamhI/XhoI sites of the pcDNA3.1 vector to obtain the 
SNHG16 overexpression plasmid. When the DU‑145 cells 
reached 30‑50% confluence, 10 nM pLVX‑shRNA2‑Puro‑NC, 

pLVX‑shRNA2‑Puro‑SNHG16, pcDNA3.1 and pcDNA3.1‑ 
SNHG16 plasmids were used to transfect cell at 37˚C for 48 h.

Next, miR‑373‑3p mimic, inhibitor and the respective NCs 
were purchased from Shanghai GenePharma, Co., Ltd. The 
following primer sequences were used: miR‑373‑3p mimic, 
5'‑GAAGUGCUUCGAUUUUGGGGUGU‑3'; mimic NC, 
5'‑UCACAACCUCCUAGAAAGAGUAGA‑3'; miR‑373‑3p 
inhibitor, 5'‑ACACCCCAAAAUCGAAGCACUUC‑3'; and 
inhibitor NC, 5'‑UCUACUCUUUCUAGGAGGUUGUGA‑3'. 
When the DU‑145 cells reached 30‑50% confluence, 10 nM 
miR‑373‑3p mimic, inhibitor and the NC were used to trans‑
fect cells, which were cultured in a 5% CO2 incubator at 37˚C 
for 48 h. After confirming the transfection efficiency of 
miR‑373‑3p mimic and inhibitor, pLVX‑shRNA2‑ 
Puro‑SNHG16‑NC (10 nM) and miR‑373‑3p inhibitor NC 
(10 nM), pLVX‑shRNA2‑Puro‑SNHG16 (10 nM), miR‑373‑3p 
inhibitor (10 nM), pLVX‑shRNA2‑Puro‑SNHG16 (10 nM) 
and miR‑373‑3p inhibitor (10 nM) plasmids were used to 
transfect DU‑145 cell for 48 h at 37˚C in an incubator (SANYO 
Trading Co., Ltd.; https://www.sanyo‑si.com/).

Third, The shRNA and shRNA‑NC sequences targeting  
TGF‑β‑R2 were synthesized by Shanghai Sangon Biotech, 
Co., Ltd. The shRNA targeting TGF‑β‑R2 was 5'‑GGTGGG 
AACTGCAAGATACATCTGTGCTGTCCATGTATCTTGCA 
GTTCCCACCTTTTT‑3', and the shRNA‑NC was 5'‑GAT 
CCGATCAATACTATTCATCAATTCAAGAGATTGATGAA 
TAGTATTGATCTTTTTG‑3'. The pLVX‑shRNA2‑Puro vector,  
EcoRI and BamhI were used to construct the TGF‑β‑R2 
knockdown and NC plasmids. Then, miR‑373‑3p inhibitor NC 
(10 nM) and pLVX‑shRNA2‑Puro‑TGF‑β‑R2‑NC (10 nM), 
pLVX‑shRNA2‑Puro‑TGF‑β‑R2 (10 nM), miR‑373‑3p inhibitor 
(10 nM), pLVX‑shRNA2‑Puro‑TGF‑β‑R2 (10 nM) and 
miR‑373‑3p inhibitor (10 nM) were used for transfection at 37˚C 
when the DU‑145 cells reached 30‑50% confluence. Subsequent 
experiments were performed 48 h post‑transfection. The experi‑
ments were performed in triplicate.

Cell Counting Kit‑8 (CCK‑8) assay. Cell proliferation was 
assessed via the CCK‑8 assay (Dojindo Laboratories, Inc.). 
DU‑145 cell suspensions were transferred into 96‑well plates 
at a density of 1x104 cells/ml and incubated for 24, 48, 72 and 
96 h at 37˚C. Subsequently, 10 µl of CCK‑8 reagent was added 
to each well and further incubated for 4 h. Absorbance was 
measured at a wavelength of 450 nm, using a microplate reader 
(Perlong; https://ziyeyl.chemdrug.com/sell/).

Apoptosis analysis. Cells were seeded into 24‑well plates at a 
density of 1x105 cells/well and transfected until they reached 
60‑70% confluence. After transfecting with plasmid for 
48 h, cells were washed twice with PBS and centrifuged at 
room temperature and 220 x g for 5 min. Cells were subse‑
quently incubated with 5 µl of Annexin V‑FITC for 15 min 
and 10 µl of PI for 5 min at room temperature, in the dark 
(BD Biosciences), according to the manufacturer's instruc‑
tions. Apoptotic cells were subsequently analyzed via flow 
cytometry (Becton‑Dickinson and Company).

Gap closure assay. Cell migration was assessed via the 
gap closure assay. Following transfection with plasmid 
for 48 h, cells were seeded into both sides of the Ibidi‑cell 
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plug‑in (Corning, Inc.) in 24‑well plates at a density of 3x105 
cells/well. After 24 h of cell culture, the Ibili‑cell plug‑in was 
removed and the culture in serum‑free medium was continued. 
Following incubation for 24 h at 37˚C, cells were observed 
under a florescence microscope at x100 magnification (Mshot; 
http://www.mshot.com.cn/). The gap closure migrated area 
was measured using ImageJ software (version number, 1.42; 
National Institutes of Health). The formula used was: Gap 
closure area (%) = (0 h area‑24 h area)/0 h area x100%.

Transwell assay. Cell invasion was assessed using a Transwell 
chamber (8 µm pore size, Corning, Inc.) deposited with 
Matrigel (BD Biosciences). The melted Martrigel in a 4˚C 
refrigerator was diluted in serum‑free medium at 1:8. Then, 
50 µl diluted Martrigel was used to coat the upper chamber of 
Transwell, which was air dried at 4˚C and solidify at 37˚C for 
30 min. Following transfection with plasmid for 48 h, cells were 
resuspended in serum‑free medium and seeded in the upper 
chamber with 1x105 cells, while complete media (RPMI‑1640 
medium with 10% fetal bovine serum, 4 mM L‑glutamine, 
100 U/ml penicillin and 100 µg/ml streptomycin) was plated 
in the lower chamber. Following incubation for 24 h at 37˚C, 
cells in the upper membrane were removed. At room tempera‑
ture, the invasive cells were fixed with 4% paraformaldehyde 
for 30 min, stained with 0.1% crystal violet for 15 min and 
observed under the florescence microscope at x100 magnifica‑
tion (MSHOT; http://www.mshot.com.cn/mf52.htm).

Western blotting. Following transfection for 48 h, DU‑145 cells 
were collected by centrifuging at 220 x g room temperature for 
5 min. RIPA buffer (Takara Bio, Inc,) and protease inhibitor 
[Roche Diagnostics (Shanghai) Co., Ltd.] were used for cell 
lysis. The BCA assay kit was used to detect protein concentra‑
tion (Epizyme, Inc.). Then, 10 µl protein samples were separated 
via 10% SDS‑PAGE, transferred onto PVDF membranes and 
blocked with 5% skim milk in 20 mM Tris‑HCl, 150 mM NaCl, 
0.1% Tween‑20 for 1 h at room temperature The membranes 
were incubated with primary antibodies against TGF‑β‑R2 
(cat. no. 41896, 85 kDa), c‑Myc (cat. no. 18583, 65 kDa), E2F4 
(cat. no. 40291, 62 kDa), SMAD2 (cat. no. 5339, 60 kDa), phos‑
phorylated (p)‑SMAD2 (cat. no. 3108, 60 kDa), SMAD3 (cat. 
no. 9523, 52 kDa), p‑SMAD3 (cat. no. 9520, 52 kDa) and β‑actin 
(cat. no. 4970, 45 kDa) overnight at 4˚C (all 1:1,000 and Cell 
Signaling Technology, Inc.). The membranes were washed twice 
with PBS and subsequently incubated with HRP‑conjugated 
Affinipure Goat Anti‑Rabbit IgG(H+L) (ProteinTech Group, 
Inc., 1:5,000, cat. no. SA00001‑2) for 2 h at room temperature. 
Protein bands were visualized using ECL Western blotting 
reagents (Cytiva), imaged using Tanon 5200 Biotanon (Tanon 
Science & Technology Co., Ltd.) and analyzed using ImageJ 
software (version number, 1.42; National Institutes of Health).

Dual‑luciferase reporter assay. According to TargetScan 
(http://www.targetscan.org/vert_72/, version number, 7.2) and 
StarBase (http://starbase.sysu.edu.cn/, version no. 2.0) data‑
bases, the fragments from SNHG16 and TGF‑β‑R2 containing 
the predicted miR‑373‑3p binding sites and its mutant (MUT) 
sequence were directly synthesized (Table SI). The sequences 
of SNHG16‑3'‑UTR‑wild‑type (WT), SNHG16‑3'‑UTR‑MUT, 
TGF‑β‑R2 3'‑UTR‑WT and TGF‑β‑R2 3'‑UTR‑MUT were 

synthesized by Shanghai, GenePharma, Co., Ltd., and digested 
using XhoI and NotI restriction enzymes (Fermentas; Thermo 
Fisher Scientific, Inc.). The 3'‑UTR fragments were subsequently 
inserted into the XhoI/NotI sites of the psiCHECK‑2 vector 
(Promega Corporation) to obtain luciferase reporter plasmids.

DU‑145 cell suspensions were seeded into 24‑well plates at 
a density of 1x105 cells/well and incubated for 24 h at 37˚C. The 
psiCHECK‑2‑SNHG16‑WT or psiCHECK‑2‑SNHG16‑MUT 
(Zolgene Biotechnology Co., Ltd.; http://www.zolgene.
com/) reporter plasmids (20 ng) were co‑transfected with 
miR‑373‑3p mimics or mimic NC (10 nM) into cells, 
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) to verify the targeting effect of SNHG16 and 
miR‑373‑3p. Similarly, the psiCHECK‑2‑TGF‑β‑R2‑WT or 
psiCHECK‑2‑TGF‑β‑R2‑MUT reporter plasmids (Zolgene 
Biotechnology Co., Ltd.; http://www.zolgene.com/) (20 ng) 
were co‑transfected with miR‑373‑3p mimics or mimic NC 
(10 nM) into cells, using Lipofectamine® 2000 to verify the 
targeting effect of TGF‑β‑R2 and miR‑373‑3p. Following 
transfection for 36 h at 37˚C, cell lysates were prepared using 
lysis buffer (Promega Corporation). Firefly and Renilla lucif‑
erase activities were detected via the dual‑luciferase reporter 
assay (Promega Corporation). Renilla luciferase values were 
divided by the Firefly luciferase values to normalize the differ‑
ence in transfection efficiency.

Statistical analysis. Statistical analysis was performed using 
SPSS 20.0 software (IBM Corp.). The experiment was repeated 
three times, and data were presented as the mean ± SD. If the 
data followed the normal distribution, Student's t‑test was used 
for pairwise comparison, and one‑way ANOVA followed by 
Tukey's post hoc test was used to compare differences between 
multiple groups. If the data did not follow the normal distribu‑
tion, Wilcoxon signed‑rank test was used for paired data, while 
Mann‑Whitney U test was used for unpaired data. Spearman's 
correlation coefficient analysis was performed to assess the 
correlation between SNHG16 and miR‑373‑3p, and TGF‑β‑R2 
and miR‑373‑3p. Patients with PCa were divided into high 
expression group (n=40) and low expression group (n=40) 
based on the median expression of SNHG16, miR‑373‑3p and 
TGF‑β‑R2. Then, Pearson's χ2 test and Fisher's exact test were 
used for descriptive analysis. P<0.05 was considered to indi‑
cate a statistically significant difference.

Results

Correlation between the expression levels of SNHG16, 
miR‑373‑3p and TGF‑β‑R2 and the clinicopathological 
characteristics of patients with PCa. Patient characteristics 
are presented in Table I. According to SNHG16 expression, 
80 cases of PCa tissues were divided into: Low SNHG16 
expression (below the median SNHG16 expression, n=40), and 
high SNHG16 expression (above the median SNHG16 expres‑
sion, n=40) groups. According to miR‑373‑3p expression, PCa 
tissues were divided into: Low miR‑373‑3p expression (below 
the median, n=40), and high miR‑373‑3p expression (above 
the median, n=40) groups. Grouping according to TGF‑β‑R2 
gene expression: Low TGF‑β‑R2 expression (below the 
median, n=40) and high TGF‑β‑R2 expression (above the 
median, n=40) groups. The expression levels of SNHG16, 
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miR‑373‑3p and TGF‑β‑R2 had no significant correlations 
with age (<60 vs. ≥60 years), TNM stage (≤T2 vs. ≥T3) and 
sPSA (<20 vs. ≥20 ng/ml) (all P>0.05). However, the expres‑
sion levels of SNHG16, miR‑373‑3p and TGF‑β‑R2 were 
significantly correlated with ISUP grade (≤3 vs. ≥4; P=0.044, 
P=0.004 and P<0.001, respectively).

High SNHG16 expression promotes PCa development by 
regulating the TGF‑β‑R2/SMAD signaling pathway. SNHG16 
expression was significantly upregulated in PCa tissues 
compared with adjacent normal tissues (P<0.001; Fig. 1A). 
Similarly, SNHG16 and TGF‑β‑R2 expression levels were 
upregulated in DU‑145 and PC‑3 cells compared with RWPE1 
cells. However, no significant differences in expression levels 
were observed in 22Rv‑1 and LNCaP cells (P>0.05; Fig. S1A). 
Notably, miR‑373‑3p expression was significantly downregu‑
lated in DU‑145 and PC‑3 cells compared with RWPE1 cells 
(P<0.05; Fig. S1A). Thus, SNHG16 expression was knocked 
down and overexpressed in DU‑145 cells. The expression of 
SNHG16 in the knockdown group was significantly lower than 
that in the sh‑NC group, and in the overexpression group it was 
significantly increased compared with oe‑NC group (P<0.01; 
Fig. 1B). The results demonstrated that overexpression of 
SNHG16 significantly promoted cell proliferation (P<0.001; 
Fig. 1C), invasion (P<0.05; Fig. 1E) and gap closure (P<0.001; 
Fig. 1F). However, overexpression of SNHG16 significantly 
inhibited cell apoptosis (P<0.01; Figs. 1D and S1B). Western 
blot analysis demonstrated that overexpression of SNHG16 
significantly increased the protein expression levels of c‑Myc, 
TGFBR2, E2F4, p‑SMAD2/SMAD2 and p‑SMAD3/SMAD3, 
the effects of which were reversed following SNHG16 knock‑
down (P<0.001; Fig. 1G).

SNHG16 acts as miR‑373‑3p sponge to affect DU‑145 cell 
biological processes by regulating TGF‑β‑R2/SMAD signaling. 
TargetScan and StarBase analyses revealed that a binding site 
exists between SNHG16 and miR‑373‑3p (Fig. 2A). miR‑373‑3p 
expression was significantly downregulated in PCa tissues 
compared with adjacent normal tissues (P<0.001; Fig. 2B), 
and was negatively correlated with SNHG16 expression (rho, 
‑0.631; P<0.001; Fig. 2C). DU‑145 cells were transfected 
with miR‑373‑3p mimics and inhibitor. The expression of 
miR‑373‑3p in mimic group was significantly increased than NC 
group, while it was significantly decreased in inhibitor group. 
(P<0.001; Fig. 2D). The results of the dual‑luciferase reporter 
assay revealed that miR‑373‑3p mimic transfection caused a 
significant reduction in the luciferase activity of SNHG16‑WT 
(P<0.01), but not of SNHG16‑MUT (P>0.05; Fig. 2E). Thus, 
SNHG16 showed biological binding to miR‑373‑3p. In addi‑
tion, SNHG16 knockdown significantly increased miR‑373‑3p 
expression, the effects of which were reversed following trans‑
fection with miR‑373‑3p inhibitor (P<0.05; Fig. 2F).

The results demonstrated that transfection with miR‑373‑3p 
inhibitor significantly improved cell proliferation (P<0.001; 
Fig. 2G), and rescued invasion (P<0.01; Fig. 2I) and migra‑
tion (P<0.01; Fig. 2J) inhibited by sh‑SNHG16, and decreased 
sh‑SNHG16‑induced apoptosis (P<0.01; Figs. 2H and S1C). In 
addition, transfection with miR‑373‑3p inhibitor significantly 
increased the protein expression levels of c‑Myc, TGFBR2, 
E2F4, p‑SMAD2/SMAD2 and p‑SMAD3/SMAD3 (P<0.001), 
and rescued the inhibition of sh‑SNHG16 (Fig. 2K).

miR‑373‑3p targets TGF‑β‑R2 to mediate DU‑145 cell 
biological processes. The binding site between miR‑373‑3p 
and TGF‑β‑R2 is presented in Fig. 3A. TGF‑β‑R2 mRNA 

Table I. Correlation between the expression levels of SNHG16, hsa‑miR‑373‑3p and TGF‑β‑R2 and the clinicopathological 
characteristics of patients with prostate cancer (n=80).

 SNHG16 miR‑373‑3p TGF‑β‑R2
 expression expression expression
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics Cases, n (%) P‑value Low, n  High, n P‑value Low, n High, n P‑value Low, n High, n

Age, years
  <60 55 (68.75) 28 27 0.809 26 29 0.469 29 26 0.469
  ≥60 25 (31.25) 12 13  14 11  11 14
ISUP grade
  ≤3 41 (51.25) 25 16 0.044a 14 27 0.004b 29 12 <0.001c

  ≥4  39 (48.75) 15 24  26 13  11 28
TNM stage
  ≤T2 53 (66.25) 25 28 0.478 27 26 0.813 25 28 0.478
  ≥T3 27 (33.75) 15 12  13 14  15 12
sPSA, ng/ml
  <20  11 (13.75)   7   4 0.518   3   8 0.193   8   3 0.193
  ≥20 69 (86.25) 33 36  37 32  32 37

aP<0.05; bP<0.01; cP<0.001. Data are presented as numbers and percentages. Analysis was performed using (a) Pearson's χ2 test (age, ISUP 
grade and TNM stage), and (b) Fisher's exact test (sPSA). ISUP, International Society of Urological Pathology; TNM, tumor‑node‑metastasis; 
sPSA, serum prostate‑specific antigen.
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Figure 1. SNHG16 promotes the tumor process by regulating TGF‑β‑R2/SMAD signaling. (A) Reverse transcription‑quantitative PCR analysis was performed 
to detect SNHG16 expression in PCa tissues and adjacent normal tissues. (B) SNHG16 expression was detected following knockdown or overexpression of 
SNHG16 in DU‑145 cells. SNHG16 regulated (C) cell proliferation, (D) apoptosis, (E) invasion and (F) migration. (G) Western blot analysis was performed 
to detect the protein expression levels of c‑Myc, TGF‑β‑R2, E2F4, SMAD2, p‑SMAD2, SMAD3 and p‑SMAD3. Data are presented as the mean ± SD (n=3). 
*P<0.05; **P<0.01; ***P<0.001. SNHG16, small nucleolar RNA host gene 16; TGF‑β‑R2, transforming growth factor‑β receptor type 2; PCa, prostate cancer; 
p, phosphorylated; sh, short hairpin; NC, negative control; OE, overexpression; OD, optical density; lncRNA, long non‑coding RNA.
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Figure 2. SNHG16 acts as a miR‑373‑3p sponge to affect DU‑145 cell biological processes by regulating TGF‑β‑R2/SMAD signaling. (A) Binding sites 
between SNHG16 and miR‑373‑3p. (B) Reverse transcription‑quantitative PCR analysis was performed to detect miR‑373‑3p expression in PCa tissues 
and adjacent normal tissues. (C) Spearman’s correlation coefficient analysis was performed to assess the correlation between SNHG16 and miR‑373‑3p. 
(D) miR‑373‑3p expression was detected following overexpression or knockdown of miR‑373‑3p. (E) The dual‑luciferase reporter assay was performed to 
verify the interaction between miR‑373‑3p and SNHG16. Transfection with miR‑373‑3p inhibitor partially reversed sh‑SNHG16‑regulated (F) miR‑373‑3p 
expression, (G) cell proliferation, (H) apoptosis, (I) invasion and (J) migration. (K) Western blot analysis was performed to detect the protein expression levels 
of c‑Myc, TGF‑β‑R2, E2F4, SMAD2, p‑SMAD2, SMAD3 and p‑SMAD3. Data are presented as the mean ± SD (n=3). *P<0.05; **P<0.01; ***P<0.001. SNHG16, 
small nucleolar RNA host gene 16; miR, microRNA; PCa, prostate cancer; TGF‑β‑R2, transforming growth factor‑β receptor type 2; sh, short hairpin; 
p, phosphorylated; N, negative control; MUT, mutant, WT, wild‑type; OD, optical density.
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Figure 3. miR‑373‑3p targets TGF‑β‑R2 to mediate DU‑145 cell biological processes. (A) Binding sites between miR‑373‑3p and TGF‑β‑R2. (B) Reverse 
transcription‑quantitative PCR analysis was performed to detect TGF‑β‑R2 expression in PCa tissues and adjacent normal tissues. (C) Spearman’s correlation 
coefficient analysis was performed to assess the correlation between TGF‑β‑R2 and miR‑373‑3p. (D) The dual‑luciferase reporter assay was performed to 
verify the interaction between TGF‑β‑R2 and miR‑373‑3p. (E) TGF‑β‑R2 knockdown in DU‑145 cells. (F) TGF‑β‑R2 expression was detected following 
overexpression or knockdown of miR‑373‑3p. TGF‑β‑R2 knockdown partially reversed the effects of miR‑373‑3p inhibitor‑regulated (G) cell proliferation, 
(H) apoptosis, (I) invasion and (J) migration. Data are presented as the mean ± SD (n=3). **P<0.01; ***P<0.001. miR, microRNA; TGF‑β‑R2, transforming 
growth factor‑β receptor type 2; PCa, prostate cancer; NC, negative control; MUT, mutant; WT, wild‑type; sh, short hairpin; OD, optical density.
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expression was significantly upregulated in PCa tissues 
(P<0.001; Fig. 3B), and was negatively correlated with 
miR‑373‑3p expression (rho, ‑0.516; P<0.001; Fig. 3C). 
Luciferase activity was significantly reduced in the miR‑373‑3p 
mimic and TGF‑β‑R2‑WT co‑transfection group (P<0.001), 
but not after TGF‑β‑R2‑MUT co‑transfection (P>0.05; 
Fig. 3D). miR‑373‑3p showed biological binding to TGF‑β‑R2. 
TGF‑β‑R2 expression was knocked down in DU‑145 
cells (Fig. 3E). Notably, overexpression of miR‑373‑3p signifi‑
cantly decreased TGF‑β‑R2 mRNA expression (P<0.001; 
Fig. 3F). miR‑373‑3p inhibitor partially reversed the effects of 
TGF‑β‑R2 knockdown on cell proliferation (P<0.05; Fig. 3G), 
invasion (P<0.01; Fig. 3I) and migration (P<0.001; Fig. 3J), 
and increased miR‑373‑3p‑inhibitor‑suppressed apoptosis 
(P<0.001; Figs. 3H and S1D).

Discussion

lncRNAs can function as modulators of biological processes, 
and act as oncogenes or tumor suppressor genes in 
PCa (9‑11,37). The results of the present study confirmed that 
lncRNA SNHG16 is highly expressed in PCa. It also acted as a 
ceRNA to target modulation of miR‑373‑3p/TGF‑β‑R2/SMAD 
signaling, and exerted a carcinogenic effect. Previous studies 
have also shown that SNHG16 was upregulated in PCa 
tissues and promoted tumor proliferation (21), and that it 
exerted a carcinogenic function by sponging miR‑373‑3p in 
glioma (20). miR‑373 was decreased in PCa (27), and targeting 
TGF‑β‑R2/p‑SMAD3 signals inhibited PCa cell invasion and 
migration (26). To summarize, the current results were consis‑
tent with those of previous research.

SNHG16 has been reported to act as a tumor activator in 
neuroblastoma (38). The results of the present study demon‑
strated that SNHG16 was abnormally expressed at high levels 
in PCa. SNHG16 also promoted tumor cell proliferation, 
migration and invasion. High SNHG16 expression induces 
PCa cell proliferation by promoting glucose metabolism (21). 
SNHG16 is also a prognostic indicator of gastric cancer, 
and its overexpression is significantly associated with tumor 
invasion depth, lymph node metastasis, TNM stage and 
histological differentiation (39). In ovarian cancer cell lines, 
overexpression of SNHG16 is essential for tumor diagnosis 
and development (40). SNHG16 expression is upregulated in 
several malignancies and associated with tumor cell lines (41). 
However, reports of SNHG16 expression in colorectal cancer 
and hepatocellular carcinoma were conflicting (42,43). 
High‑quality RNA and tumor cell specific gravity may explain 
the inconsistencies of SNHG16 expression (17). The results of 
the present study confirmed the oncogenic effect of SNHG16 
in PCa cells. Notably, SNHG16 promoted PCa cell prolifera‑
tion by regulating TGF‑β‑R2/SMAD signaling. Furthermore, 
SNHG16 upregulated TGF‑β‑R2 expression and promoted 
PCa cell viability. TGF‑β‑R2/SMAD signaling plays a crucial 
role in regulating the proliferation, differentiation and metas‑
tasis of PCa cells (32). TGF‑β‑R2 promotes EMT, migration 
and invasion of PCa cells (44,45).

SMAD2/3 interacts with PKCε, causing SMAD3 to bind 
to the promoter of glycolysis genes, inducing glycolysis 
gene expression and promoting aerobic glycolysis and PCa 
cell proliferation (46). However, SMAD3 or TGF‑β‑R2 

significantly reduce the mass and microvascular density of 
PCa xenograft tumors (47). In addition, SMAD2/3 activates 
Rb/E2F4 and upregulates survivin to induce PCa progression 
and chemotherapy resistance (48). E2F4, which were upregu‑
lated in PCa cells, promotes cell cycle by forming complexes 
with P130 (49,50). c‑Myc, a proto‑oncogene, plays a key role 
in cell cycle progression, apoptosis and cellular transforma‑
tion (51). Cancer stem cell‑derived exosome‑SNHG16 promotes 
cancer progression by activating TLR7/MyD88/NF‑κB/c‑Myc 
signaling (52). High c‑Myc expression can promote PCa 
development by inducing the transcription of the androgen 
receptor gene (53). Taken together, these findings suggest that 
SNHG16 increases the expression levels of c‑Myc, TGF‑β‑R2, 
E2F4, p‑SMAD2 and p‑SMAD3, and this development is an 
essential mechanism for its carcinogenic effects.

Increasing evidence suggest that SNHG16 can function 
as a ceRNA by sequestering miR‑373‑3p in glioma (20). The 
results of the present study demonstrated that low miR‑373‑3p 
expression was negatively correlated with SNHG16, and 
SNHG16 acted as a miR‑373‑3p sponge to promote PCa 
progression by upregulating TGF‑β‑R2/SMAD signaling. 
Pang et al (27) reported that miR‑373 expression is down‑
regulated in PCa cell lines and tissues, which suppresses 
the TGF‑β‑R2/p‑SMAD3 pathway to inhibit the invasion of 
PCa C4‑2, PC3 and CWR22Rv1 cells (26). Overexpression 
of miR‑373 decreases the invasion, migration and EMT 
potential of PCa cells (27). Thus, miR‑373‑3p may be used as 
a promising biomarker for PCa. In addition, the carcinogenic 
effect of miR‑373‑3p has been confirmed in several tumors. 
For example, miR‑373 suppresses the progression, metastasis 
and inflammation of breast cancer by inhibiting NF‑κB and 
the TGF‑β/TGF‑β‑R2/SMAD pathway (54). Furthermore, 
miR‑373 inhibits the invasion and peritoneal dissemination of 
pancreatic cancer cells by suppressing the EMT process (55). 
However, miR‑373 acted as a carcinogen in testicular germ cell 
carcinoma by regulating p53/CDK (56). Thus, miR‑373‑3p has 
a dual function as a promoter or suppressor in different types 
of cancer. miRNAs are single‑stranded non‑coding RNAs that 
regulate gene expression through a conservative mechanism 
across metazoans (57). Furthermore, miR‑373‑3p directly 
targets TGF‑β‑R2 3'‑UTR to regulate PCa cell proliferation 
and metastasis (26); thus, TGF‑β‑R2 is an important cancer 
driver (58,59). Downregulation of TGF‑β‑R2 inhibits the 
expression of SMAD‑dependent metastasis‑promoting genes 
and invasion (54). High expression of TGF‑β‑R2 enhances 
PCa cell proliferation by promoting p‑SMAD2/3/c‑MYC 
signaling (60). TGF‑β‑R2 is associated with NF‑κB and 
TGF‑β signals to drive the progression, EMT and metastasis 
of castration‑resistant PCa (61).

In conclusion, the results of the present study demonstrated 
that SNHG16, miR‑373‑3p and TGF‑β‑R2 are important 
factors in PCa pathogenesis. SNHG16 promotes the prolif‑
eration, migration and invasion of PCa cell by sponging 
miR‑373‑3p to regulate the TGF‑β‑R2/SMAD pathway. Thus, 
targeting SNHG16 may be an effective strategy for the treat‑
ment of PCa.

The present study is not without limitations. First, although 
the expression levels of SNHG16, miR‑373‑3p and TGF‑β‑R2 
were analyzed in RWPE1, DU‑145, PC‑3, 22Rv‑1 and LNCaP 
cells, the contribution of SNHG16/miR‑373‑3p/TGF‑β‑R2 
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signaling to tumorigenesis was verified only in DU‑145 cells. 
Thus, prospective studies will aim to analyze the role of 
SNHG16/miR‑373‑3p/TGF‑β‑R2 signaling in other PCa cell 
lines. Secondly, the present study failed to construct an animal 
model to verify the role of SNHG16 in PCa. Thus, additional 
animal experiments are required to determine whether SNHG16 
acts as a ceRNA to regulate the miR‑373‑3p/TGF‑β‑R2 axis, 
and that it affects the biological functions of PCa cells.
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